The Himalayan marmot (Marmota himalayana) occurs throughout the Himalayan alpine mountain ecosystem. We examined the characteristics of Himalayan marmot habitat, diet, and macronutrient consumption in the upper Mustang region of Nepal. Marmots inhabited warmer valleys close to water sources in areas between 2,900 and 4,800 m above sea level. Soil pH, organic matter, organic carbon, and phosphorus were not different in marmot use versus available habitat; however, potash levels significantly lower in marmot burrow habitat. Seventeen species of plants, including Primula spp., Potentilla fruticosa, Kobresia pygmaea, Anaphalis contorta, Lonicera spinosa, and Carex spp., were recorded in marmot scats over 3 seasons (summer 2010, autumn 2010, and spring 2011). Analysis showed a positive correlation between the total macronutrient content (dry matter protein + carbohydrate + fat) of plants and their occurrence in the diet. Analysis of the fiber and macronutrient balance of a limited number of plants consumed by marmots showed little difference between pre-and post-hibernation, but suggested that protein balance of foods was higher post-hibernation. Furthermore, relative frequency of plants in the diet did not reflect their abundance in the environment, suggesting active selection of plants high in total macronutrient concentration.
marmot populations (Bagchi et al. 2006; Murdoch et al. 2009 ). Livestock prefer to graze in marmot habitat (Nikol'skii and Ulak 2005) , although the reason for this is unknown (Jing et al. 1991; Zhong et al. 1991; Nikol'skii and Ulak 2005; Bagchi et al. 2006) .
Despite its ecological importance, the Himalayan marmot is one of the least studied species in the region, with little known about its ecology, behavior, nutrition, as well as the potential impact of climate change on the species (Heptner and Naumov 1992; Gombobaatar et al. 2001; Ulak 2005, 2006) . Relatively little is known regarding the nutritional ecology of the Himalayan marmot. Nutritional demands are especially relevant to marmots, which hibernate during the winter Ulak 2005, 2006) . As with other hibernating mammals, pre-hibernation nutrition is expected to play a critical role in supporting marmots through the hibernation period. We would expect that nutritional intake post-hibernation would play a critical role in restoring marmot energy reserves and lean tissues lost over the winter.
The aim of this study was to understand the seasonal diet composition, nutrient balance, and characteristics associated with marmot habitat in the upper Mustang region of Nepal. Such knowledge can advance the overall understanding of this species and its habitat, and may contribute to improving species management at local and regional levels.
Materials and Methods
Study area.-The Upper Mustang region is located in the Mustang district of the Annapurna Conservation Area (ACA), Nepal, and covers approximately 2,500 km 2 divided into 7 village development committees (VDC; Fig. 1 ). This region has a cold desert environment with (< 200 mm annual rainfall- Aryal et al. 2014b) . Agriculture, livestock farming, and tourism are the main sources of income and only 8% of the local population is self-sufficient based on their own agricultural products (ACAP 2010; Aryal et al. 2013 ). This region is typical of high alpine mountain ecosystems and supports rangeland grasses and wildlife including the snow leopard, lynx (Lynx lynx isabellinus), brown bear, gray wolf (Canis lupus), Tibetan argali (Ovis ammon hodgsonii), Tibetan gazelle (Procapra picticaudata), wild ass (Equus kiang), blue sheep (Pseudois nayaur), as well as the Himalayan marmot (ACAP 2010; Aryal et al. 2012a Aryal et al. , 2014a .
Survey of marmot distribution, population trends, and mortality.-In order to investigate the habitat and distribution, population trends, and human-caused mortality of marmots in the study area, we visited each VDC in the upper Mustang region and conducted interviews with the local people from June 2010 to May 2014. We asked the following questions in the interview: Where do marmots live in your area? What are the population trends of marmots (increasing, decreasing, or unknown) ? Do local people kill marmots? We interviewed residents who were knowledgeable about marmots in their area and who were more than 40 years of age. We used information gathered from local residents to locate marmot burrows for our habitat surveys. Once we located area with marmots we recorded aspect, presence of grazing activities, and distance to water using a ArcGIS software (ESRI 2014) .
Diversity of plant species in use and available habitats.-In 2011, we conducted a vegetation survey following Kent and Coker (1995) before the hibernation period (AugustNovember), where the survey utilized a use-available type design (Manly et al. 1993) . The areas visited were located between 2,900-and 5,500-m elevation. First, we used vantage points and ridges to scan the valley and search for marmots and their burrows. Habitat that was "used" was established once we located an active burrow, and a vegetation survey plot (quadrat) of 1 × 1 m was laid out < 2 m from the burrow. Following the vegetation survey at the use plot, we established a paired "available" 1 × 1-m vegetation plot 200-300 m in a random direction from the use plot. As the habitat was relatively homogenous, we believe that one available plot was sufficient to represent habitat available to marmots. Available plots did not contain burrows or other marmot sign. Vegetation in each plot was recorded to estimate relative frequency and diversity of plants using the method described by Chetri et al. (2006) . Unknown plants were identified at the Central Botanical Garden in Godawari, Lalitpur, Nepal. A chi-square (χ 2 ) test was used to test for differences in the frequency of plants between marmot occupied and available habitats, and Simpson's diversity index (D) was used to estimate the plant diversity in both categories of habitat (Rosenzweig 1995; Ravindranath and Premnath 1997) . Bray-Curtis similarity (Bray and Curtis 1957) was calculated for habitat categorized as "used" and "available" by marmots. Primer software was used for these analyses (Bray and Curtis 1957; Anderson et al. 2008) .
Soil nutrient analysis.-We collected 200-300-g samples of soil dug by marmots at each use site visited during our vegetation survey, as well as soil from available sites. Prior to soil collection we removed the upper debris from the soil, and we collected soil approximately 10-15 cm deep. Soil samples were stored in plastic bags while in the field, and all soil samples were transported to and analyzed in the Regional Soil Lab, Pokhara, Nepal. Nitrogen (N%) content was analyzed using the Kjeldahl distillation method (Bremner 1960; Bradstreet 1965; Jones 1991) . Phosphorus (P 2 O 5 ) content was analyzed using the Oslen's bicarbonate method (Delgado and Torrent 1997; Kleinman et al. 2001; Horta and Torrent 2007) and potash (K 2 O) content by using the flame photometer method (Alban and Kellog 1959; Tung et al. 2009 ). Organic matter (OM) and organic carbon (OC) [OC (%) = OM (%) * 0.58] were analyzed by the Black and Waley method (Walkley 1947; Howard and Howard 1990; Schumacher 2002) . Soil pH was analyzed by the electrode method (Gillman and Sumpter 1986; Lee and Yang 2000) and soil texture by the hydrometer method (Day 1965; Bauder 1979, 1986; ASTM 1985) . Chi-square (χ 2 ) tests were used to determine if soil nutrients differ between used and available habitats.
Diet analysis.-Microhistological analysis was used to estimate the frequency of plant species found in marmot scats (Sparks and Malechek 1968; Shrestha et al. 2005; Giri et al. 2011; Aryal et al. 2012b) . It is possible that some plant species were completely digested and consequently no remains were found in scats. Nevertheless, the methods are adequate to rank each plant species in terms of its occurrence in the diets of herbivores (McInnis et al. 1983) . Marmot scats found in and around marmot burrows from the upper Mustang region were collected in 3 different seasons: summer (July 2010), autumn (October-November 2010), and spring (May 2011). Scats collected in the field were stored in paper bags and transported to the laboratory at the Institute of Forestry, Pokhara, Tribhuvan University.
Scat samples were processed in the laboratory following Giri et al. (2011) and Aryal et al. (2012b) . Scat samples were initially washed in distilled water with 2% alcohol. They were then ground and sieved (1-0.3 mm) and washed with 5% potassium hydroxide to remove the black color from the plant fragment remains. Samples were passed through ethanol (C 2 H 6 O) and finally dehydrated with xylene (C 8 H 10 - Giri et al. 2011; Aryal et al. 2012b) . A permanent slide of each sample fragment was prepared for observation under a microscope. Microscopic (100× and 400×) cell structure photographs were then taken to compare each slide with plant fragment references of the region. Reference fragment photographs of each plant species found in the marmot habitat were prepared (Giri et al. 2011; Aryal et al. 2012b) . Twenty fragments were randomly chosen from each slide to compare with reference slides and calculate the frequency of occurrence of plant species. Fragments that could not be identified to the species level were grouped as unidentified. The relative frequency percentage of each plant species in the scats was calculated (Sparks and Malechek 1968; Aryal et al. 2012b) . A chi-square (χ 2 ) test was used to investigate significant differences in plant species occurrence in marmot scats between and within seasons.
Plant nutritional analysis and macronutrient balance of plant foods.-We collected a limited number of plant samples from marmot habitat in the study area in order to investigate the fiber and macronutrient balance of foods consumed by marmots both pre-and post-hibernation. Pre-hibernation plant samples were collected in October 2010, while post-hibernation samples were collected in March 2011. Plants that were collected were stored in paper bags while in the field, and transported to the Institute of Forestry, Pokhara, Nepal, where they were oven-dried in the laboratory for 24 h at 40°C. The dried samples were then sent to the laboratory for nutritional analysis following transport procedures outlined in Rothman et al. (2007 Rothman et al. ( , 2008 . Nutrient analysis followed standard methods for analyzing wildlife diets (Rothman et al. 2012) . Samples were first ground in a Wiley mill through a 1-mm screen. Neutral and acid detergent fiber (NDF and ADF, respectively), and lignin contents of food items were measured using sequential analysis using an A200 fiber analyzer (ANKOM, Macedon, New York). Samples were analyzed for NDF with and without residual ash (with α-amylase), then for ADF with residual ash, and finally for acid detergent lignin (ADL- Goering and Van Soest 1970; Van Soest et al. 1991) . We estimated hemicellulose content of plants by subtracting ADF from NDF, and we estimated the cellulose content of plants by subtracting ADL from ADF. Total N was estimated using a Leco TruSpec (Leco, St. Joseph, Michigan) via combustion (AOAC 1990) . Crude protein (CP) was calculated by multiplying N by 6.25 (Rothman et al. 2012) . Crude fat was determined using the XT15 Fat Analyzer (ANKOM), where samples are boiled in petroleum ether in filter bags at 90°C for 120 min. Ash was estimated by burning the sample at 550°C. Total nonstructural carbohydrates (TNC) were estimated by subtracting the percentage of NDF, ether extract (EE), CP, and ash from 100.
After analyzing plants for nutrient content, we used rightangled mixture triangles (RMTs-Raubenheimer 2011) to analyze the relative balance of fiber and macronutrients in plants consumed by marmots in both the pre-and post-hibernation period. The relative percentage of each macronutrient was expressed as a percentage of the sum of total macronutrients (CP + EE + TNC). Protein was plotted on the implicit z-axis, the value of which is inversely related with distance to the plot origin (i.e., x = 0, y = 0, z = 100). Since marmots are hindgut fermenters capable of digesting fiber (Hume et al. 1993) , we also examined the fiber balance of plants. Within RMTs the hemicellulose, cellulose, and lignin balance of plants was expressed as percentage of the sum (i.e., hemicellulose + cellulose + lignin), where lignin was expressed on the z-axis. We created nutrient space polygons for each season by creating minimum convex polygons around Cartesian points representing plant macronutrient or fiber balance (Raubenheimer 2011) . In order to aid interpretation, we plotted nutritional rails as dashed lines indicating the range of protein and the maximum lignin balance available for each season.
Results
Marmot distribution, population trends, and mortality.-We interviewed 82 local residents that indicated that Himalayan marmots were found to be distributed throughout upper Mustang (Chhuksang, Lomangthang, Surkhang, Ghami, Chhoser, and Chhunup VDCs). We found marmot burrows (2,900 to 4,800 m above sea level) in valleys with eastern slopes (61%), northeast slopes (10%), south-east slopes (21%), south-west slopes (5%), and north-west slopes (3%). Most of the marmot burrows (86%) were found near water sources (within 700 m) such as streams, rivers, or ponds. Livestock grazing activities were observed in and around the marmot colonies visited. Of the 82 interviewees, 69 (84%) agreed that the population of marmots has declined over the past 10 years, and 16% were unable to comment on population trends. All respondents stated that there was no illegal hunting of marmot in the region for meat or other purposes.
Plant diversity in relation to marmot habitat.-Seventy-eight plots were laid out in habitat "used" by marmots, and another 78 in "available" habitat, to measure plant diversity. Forty-two plant species were recorded in marmot use sites and 34 plant species were found in available habitat (Table 1) Table 1 ). There was, however, no significant difference in the frequency of occurrence of plants species between marmot use and available habitats (χ 2 = 1.1, d.f. = 1, P = 0.28), and plant species diversity and heterogeneity were also not much different in marmot use sites (D = 0.96) than in available sites (D = 0.93). Plant frequencies had 42% similarity (Bray-Curtis similarity "S") between the 2 categories of habitat.
Soil nutrients in marmot habitat.-We collected 78 samples of soil dug by marmots at use sites, and another 78 samples from paired available sites where burrows were absent ( Table 2 ). The majority of marmot burrows were found in sandy loam soil (72%), followed by silt loam (14%) and silt clay loam (14%). The 2 habitat types were found to have a similar soil pH (χ 2 = 1.6, d.f. = 1, P = 0.34), N (χ 2 = 2.8, d.f. = 1, P = 0.09), phosphorus (χ 2 = 3.4, d.f. = 1, P = 0.06), OM (χ 2 = 1.3, d.f. = 1, P = 0.06), and OC levels (χ 2 = 1.2, d.f. = 1, P = 0.16); however, the potash level of soil samples was significantly lower at use sites than at available sites (χ 2 = 1.8, d.f. = 1, P = 0.036. Plants identified in the scat of marmot.-A total of 203 fresh marmot scat samples (summer: n = 69; autumn: n = 73; and spring: n = 61) were collected from the upper Mustang region. Seventeen species of plants were found in marmot scats throughout the 3 seasons, including Primula spp., Potentilla fruticosa, Kobresia pygmaea, Anaphalis contorta, Lonicera spinosa, and Carex spp. (Table 3 ). Plant species occurring in the scats were not significantly different in the 2 seasons (summer: χ 2 = 7.3, d.f. = 12, P = 0.96; autumn: χ 2 = 4, d.f. = 16, P = 0.9; spring: χ 2 = 4, d.f. = 14, P = 0.9) and also not significantly different among the 3 seasons (χ 2 = 1.3, d.f. = 2, P = 0.6). The food plants that were eaten were found in both use and available sites. There was a significant difference in the relative frequency of plants found in the habitats where marmots were present and in the scats (χ 2 = 1.9, d.f. = 1, P = 0.041), suggesting that food selection was nonrandom.
Macronutrient balance of plant foods.-Our RMT analysis of macronutrient balance of indicated that plants sampled had relatively similar nutrient balances and overlapping nutrient spaces (Fig. 2a) . Protein balance, however, tended to be higher in plants post-hibernation (spring) than pre-hibernation (Fig. 2a) . Fiber balance of plants was also relatively similar between samples, with lignin balance tending to be higher post-hibernation and hemicellulose balance tended to be higher pre-hibernation (Fig. 2b) . The cellulose balance of plants was relatively stable between periods at approximately 40% (Fig. 2b) . The plants sampled and their fiber and macronutrient balances are given in Table 4 .
Discussion
Marmot colonies were found in all VDCs of the upper Mustang region with a tendency for burrows to be found near water resources and warmer valley slopes. The range of elevation where marmots were found in this study ranged from 2,900 to 4,800 m, which is consistent with previous records of 3,000 and 5,500 m (Roberts 1977; Ulak 2005, 2006; Molur et al. 2005; Smith and Xie 2008) . Since the climate is changing in the Himalayan region (Sharma and Tsering 2009; Aryal et al. 2014b ) the distribution of marmots may change in the future.
Our questionnaire survey of local people suggested that the population of marmots in the study area is in decline; although, according to the respondents there is no illegal marmot harvesting in upper Mustang, and people in this region do not hold a negative attitude towards marmots. In contrast, in China and Mongolia, marmot populations have been in decline due to over-harvesting, illegal trade, and lethal control due to the perception that they are pests (Smith and Foggin 1999; Batbold 2002; Bagchi et al. 2006; Xu et al. 2006; Murdoch et al. 2009 ). It may be possible that those surveyed on our study did not disclose illegal harvesting activity; however, we believe that is unlikely.
We found that marmots tended to burrow in sandy loam, likely because it is looser and therefore easier for marmots to excavate. In the process of burrow construction, marmots excavate the soil from underground to the surface effectively mixing the soil nutrients of different soil strata. The present study found that marmot burrows were associated with soils with low potash content. The significance of this is uncertain, but these soil characteristics might be associated with higher plant diversity. Primula spp., Potentilla fruticosa, Salsola nepalensis, Lonicera spinosa, Anaphalis contorta, Kobresia pygmaea, and Carex spp. are widely distributed plant species in the upper Mustang region and also comprise a significant contribution to marmot diet. Soil disturbing activities of animals (bioturbation) has been shown to have an influence on plant communities. For example, the burrowing activities of small mammals, such as marmots, have an influence on plant community diversity (Zahler et al. 2004; Van Staalduinen and Werger 2007) . Soil disturbance by brown bears digging for plant bulbs has been shown to influence subalpine plant communities and increase the N content of plants re-growing in previously dug areas (Tardiff and Stanford 1998) ; however, we found no difference in N content between soils at marmot use and available sites. While small mammals such as pikas and marmots are often considered to be pests in grassland areas because they potentially contribute towards grassland degradation, they also have positive effects on plantsoil interaction, plant diversity (Brown and Heske 1990; Aho et al. 1998; Bagchi et al. 2006) . It thus seems possible that marmot colonies contribute towards maintaining higher plant diversity and influence soil formulation processes and nutrient cycling. Livestock (goats and sheep) were observed grazing in marmot colonies and fed on Carex spp., Potentilla spp., and Poa spp. in the region (Shrestha and Wegge 2008) . Nikol'skii and Ulak (2005) reported that livestock prefer to graze in the Himalayan marmot habitat; however, it is also possible that livestock prefer marmot habitat for reasons unrelated to marmot activity. For example, marmot warning whistles may serve to alert livestock to predators. Further studies are needed to understand the complex association between marmot presence, plant diversity, and livestock grazing. Our study showed a positive correlation between the available macronutrient content of food plants and their proportional representation in the diet. This is despite the potential source of bias in the use of microhistological analysis of diet of high-fiber plants with low macronutrient content and low digestibility being artificially over-represented in the diet. Since we were unable to correct for relative digestibility of different plants, it is likely that we under-estimated the preference by marmots for plants with high macronutrient content. There was, by contrast, no obvious association between macronutrient ratios and plant frequency in the diet, which suggests that marmots combine nonoptimal foods with variable but complimentary macronutrient ratios to compose a balanced diet (Johnson et al. 2013 ). Another explanation is that the plant foods are all relatively similar in composition, as compared to an omnivore that mixes its diet between plant and animal foods, and as such marmots are selecting foods higher in nutrient concentration. Furthermore, it might be expected that the energetic demands of hibernation in cold environments are associated with opportunistic targeting of high-energy plants, regardless of whether that energy is associated with fat, carbohydrate, or protein, and this is consistent with marmots targeting plants with high macronutrient content.
Our RMT analysis gives a graphical representation of the potential for marmots to mix their diet, where possible ratios of macronutrient and fiber intake can occur within the nutrient space polygons. As our analysis was relatively limited, the results should be interpreted with caution and likely contributes towards the similarity in nutrient space between seasons; however, the analysis gives some sense of the nutrient space available to this remote and little studied species both pre-and post-hibernation. For example, the higher protein balance in foods post-hibernation is consistent with plants tending to be higher in protein in the spring (Mattson 1980) , and high-protein foods are likely important for animals to regain lean mass posthibernation. Although we do not have information related to macronutrient regulation and optimization in marmot, the diet of marmot in both periods is likely to be sufficient in protein. For example, the protein requirements of another rodent, the mouse, In conclusion, our study has shown that marmots have particular habitat requirements. An important area for future research is to attempt to build predictive models of how rapid climate change in the Himalaya might affect the populations and distribution of this species, and consequently of other species that are influenced by Himalayan marmot including its food plants and predators. (Raubenheimer 2011) depicting the relative percent a) macronutrient and b) fiber balance of some foods consumed by Himalayan marmot (Marmota himalayana) during the pre-(red circles) and post-hibernation (green squares) periods. Individual macronutrients are expressed as a percentage of total macronutrients on a dry matter basis, while fiber balance is expressed as a percentage of the sum of hemicellulose, cellulose, and lignin. Protein and lignin are shown on the implicit z-axis, the value of which varies inversely with distance from the graph origin. The nutrient space for each season is delimited by minimum convex polygons surrounding food points color-coded to match symbols for each period. The range of protein balance and maximum lignin balance of foods consumed in each feeding period is indicated using dashed lines. Science and Technology Bureau (2013-4-131) , Agricultural Innovation Research Project of Gansu Province (GNCX-2014-27) , and the National Practice Innovation Training Program of College Students (201310733009). Finally, we thank F. Gurung and S. Gurung for field support.
Literature Cited
